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Edited by Francesc PosasAbstract To maintain homeostasis, cells often respond to
stressful extra-cellular stimuli by new gene expression. Serum/
glucocorticoid-induced kinase (SGK) is an immediate early gene
whose expression is induced by a variety of extra-cellular stimuli.
Here, we examine the possibility that SGK can directly phos-
phorylate the transcription factor cyclic AMP response element
binding protein (CREB). In a cell-free context, SGK physically
associates with CREB and SGK phosphorylates it on serine
133. Phospho-serine 133 is essential for stimulating the tran-
scriptional activity of CREB. Further, we show that in a variety
of cellular contexts, SGK phosphorylates CREB. Activation of
receptor tyrosine kinase pathways or the phosphoinositide-
dependent kinase 1 (PDK1) lead to SGK-dependent CREB phos-
phorylation. Hormonal stimulation of epithelial cells leads to the
induction of endogenous SGK and CREB phosphorylation. A
dominant-negative form of SGK blocks dexamethasone-induced
CREB phosphorylation. Our studies indicate that stimulation of
SGK can lead to CREB phosphorylation, suggesting that
CREB-dependent gene transcription is an important link be-
tween stressful extra-cellular signals and cellular responses.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Phosphorylation1. Introduction
Extra-cellular signals can activate multiple classes of ser-
ine–threonine kinases which in turn phosphorylate nuclear
targets to inﬂuence gene expression and lead to long lasting
changes in cellular function [1]. The serum/glucocorticoid-
inducible kinase (SGK) is an immediate early transcription-
ally induced kinase that is induced by a variety of stimuli
including UV radiation, hyper-osmolarity, hormones, and
serum [2–6].
Serum/glucocorticoid-inducible kinase has several features
that make it particularly attractive for further study. Studies
of the ovary have revealed that SGK expression is induced
by Follicle-Stimulating Hormone (FSH) and Luteinizing Hor-
mone (LH), and changes in subcellular localization from the
nucleus to the cytoplasm accompanies the transformation of
granulosa cells into luteal cells [7]. In hormonally responsive*Corresponding author. Fax: +1 267 426 5134.
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doi:10.1016/j.febslet.2005.01.040cells in the kidney, aldosterone induces SGK expression in
the renal tubules. Na+ transport through the epithelial sodium
channel (ENaC) is the principle early target of aldosterone and
SGK stimulates ENaC channel activity 7-fold [8,9]. SGK can
regulate the activity of a variety of other ion channels (re-
viewed in [10]).
There are six known direct cellular targets of SGK activity
[11–16] but it is likely that more remain to be identiﬁed. Two
observations led us to consider that the cyclic AMP response
element binding protein (CREB) might be a target for SGK.
First, the kinase domain of SGK shares a 40% homology with
that of another AGC serine–threonine kinase, AKT [17], and
AKT is a bona ﬁde CREB kinase [18]. Second, while screening
a peptide library for SGK substrates, Park et al. [17] found
that the peptide KRREILSRRPSYRK is phosphorylated.
This peptide sequence is found in CREB with the underlined
serine (S) corresponding to the transcriptionally critical serine
133. Here, we show that SGK directly binds to CREB and
phosphorylates it as a recombinant protein and within a cellu-
lar context. In several diﬀerent cell types, stimulation of ki-
nases that activate SGK lead to increases in CREB
phosphorylation. Thus, our results indicate that SGK is a no-
vel CREB kinase.2. Materials and methods
2.1. Expression vectors
The following GST fusion proteins were obtained from Philip Cohen
[2] (University of Dundee, Dundee, Scotland): pEBG GST-DN-SGK
S422D is a constitutively active form of SGK lacking the ﬁrst 60 N-ter-
minal amino acid residues in a mammalian expression vector
(CA-SGK), pEBG GST-DN-SGK T256A/S422D, a dominant-
negative mutant of SGK (DN-SGK). Histidine tagged CREB in
pcDNA 3.1 (WT CREB and the S133A CREB mutant) were from
Steven Finkbeiner (UC San Francisco, CA); FLAG tagged CREB in
a bacterial expression vector (pET16b) was from Michael Greenberg,
Harvard University (Cambridge, MA); glutathione S-transferase
(GST) in pcDNA3.1 was from Leonard Kaczmarek (Yale University)
and constitutively active 3 0 phosphoinositide-dependent protein kinase
1, CA PDK1 and untagged, wild type SGK (WT SGK) from Gary
Firestone (UC, Berkeley, CA).
2.2. Recombinant protein puriﬁcation
The recombinant GST-CA-SGK, His-S133A CREB, and His-WT
CREB proteins used for the pull-down and in vitro phosphorylation
assays were generated as follows. Twenty-four hours after transfection,
HEK 293 cells were placed on ice and extracted with lysis buﬀer con-
taining 50 mM Tris–HCl, pH 7.5, 0.05% Tween-20, 1 mM PMSF,
10 mM NaF, 2 lM microcystin-LR, and 1 mM benzamidine. Lysates
were sonicated, centrifuged at 35 000 · g and the supernatant was ﬁl-
tered through a 0.22 lm ﬁlter. For GST-SGK puriﬁcation, the super-
natant was incubated with glutathione–sepharose beads (Amersham)blished by Elsevier B.V. All rights reserved.
S. David, R.G. Kalb / FEBS Letters 579 (2005) 1534–1538 1535for 2 h at 22 C, washed three times with lysis buﬀer containing
200 mM NaCl and ﬁnally with lysis buﬀer and eluted with glutathione.
For His CREB (WT and S133A) puriﬁcation, the supernatant was
incubated with Ni-NTA beads (Qiagen), washed successively with
30 mM imidazol and eluted with 250 mM imidazol in lysis buﬀer. Lysis
buﬀer for His CREB puriﬁcation contained 20 mM imidazol.
Bacterial CREB was used only for the pull-down studies. BL-21 bac-
terial strain (Stratagene) was transformed with 50 nanograms of
pET16b FLAG-CREB using the manufacturers protocol. Bacterial
CREB was puriﬁed using Habeners method [19].
2.3. Binding of recombinant CREB and SGK
To examine the interaction between SGK and CREB in vitro (Fig. 1,
top panel), 30 ll of GST-DN SGK (S422D) immobilized on glutathi-
one–sepharose beads (Pharmacia) was incubated with 10 ll of bacterial
CREB for 2 h at room temperature in binding buﬀer containing
50 mM Tris–HCl, pH 7.5, 10 mM MgCl2, 100 lM ATP[cS] (Calbio-
chem), 10% glycerol, 1 mM PMSF, 10 mM NaF, and 2 lM Microcy-
stin LR. The slurry was washed three times with binding buﬀer
containing 200 mM NaCl, solubilized and subjected to Western blot
analysis. The control binding assay was treated in an identical manner
except that puriﬁed recombinant GST protein immobilized on gluta-
thione–sepharose beads, or beads alone, were used instead of GST-
CA-SGK. An aliquot of input material (SGK-GST, GST or CREB)
was analyzed by Western blot.
2.4. In vitro phosphorylation assay
Puriﬁed recombinant CA-SGK and His-(WT & S133A) CREB were
used for the in vitro phosphorylation studies (Fig. 1, lower panel). Var-
ious combinations of mammalian recombinant proteins were incu-
bated in a total volume of 55 ll for 60 min at 30 C in 50 mm
Tris–HCl, pH 7.5, containing 100 lM ATP, 10 mM MgCl2, 2 lM
Microcystin LR, 5 mM l-glycerol, 1 mM EGTA, 200 lM Na3VO4,
200 lM DTT, and the following inhibitor peptides (Upstate): 5 lM
PKC, 2 M PKA, and 5 lM R 2457, a CaM kinase inhibitor. The reac-
tion was solubilized and subjected to immunoblot analysis with antiFig. 1. Recombinant SGK directly binds to and phosphorylates
recombinant CREB. Upper panel: Far left shows immunoblots of an
aliquot of recombinant protein input: SGK-GST, GST or CREB. Pull-
down assay (right images), anti-CREB blot of glutathione bead
eluates. Lane 1, CREB immunoblot of eluate from unloaded beads
incubated with input bacterial lysate containing CREB; lane 2, CREB
immunoblot of eluate from GST-loaded beads incubated with bacterial
lysate containing CREB; lane 3, CREB immunoblot of eluate from
SGK-GST-loaded beads incubated with bacterial lysate containing
CREB. CREB is speciﬁcally recovered from beads loaded with SGK.
Lower panel: In vitro phosphorylation assays of recombinant proteins.
Puriﬁed recombinant proteins, in the indicated combinations, were
incubated with Mg-ATP in vitro as described in Section 2 and
subjected to immunoblotting using antibodies indicated on the right.
HI, heat inactivated. CREB is speciﬁcally phosphorylated on serine
133 when incubated with CA-SGK.P-133 speciﬁc CREB (Cell Signaling Technologies) or anti-CREB
(Santa Cruz Biotech) antibodies. All biochemical experiments were
perform at least in quadruplicate.
2.5. Cell culture and phosphorylation assays in HEK 293 cells
HEK 293 cells were grown in DMEM, 10% FBS and 0.5% anti-
biotics (Invitrogen). In Fig. 2, Panel A, HEK 293 cells were co-
transfected with 0.5 lg of WT-CREB along with 0/0.85/1.75/3.5 lg
of CA-SGK and 3.5/2.65/1.75/0 lg, respectively, of empty vector
to make a total of 4 lg DNA per 35 mm dish. Transfection was
done with Lipofectamine 2000 using the manufacturers protocol.
Twenty-four hours post-transfection, cells were washed with PBS
and incubated in DMEM only for a further 24 h, lysed in RIPA
buﬀer containing 1 mM Na3VO4, 1 mM PMSF, 10 mM NaF,
1 mM benzamidine, and 2 lM Microcystin LR and subjected to
Western blotting. Panel B, HEK 293 cells were co-transfected with
3.5 lg of CA-SGK/empty vector & 0.5 lg of the CREB constructs
thus: empty vector/WT-CREB; CA-SGK/S133A-CREB and CA-
SGK/WT-CREB. Twenty-four hours post-transfection, cells were
washed with PBS and incubated in DMEM only for a further
24 h, lysed and subjected to Western blotting Panel C, 1 lg each
WT/DN-SGK and WT CREB was co-transfected into HEK 293
cells. Twenty-four hours post-transfection, cells were washed with
PBS and incubated in DMEM only for a further 24 h; at which
time, cells were treated with 5 lM freshly prepared pervanadate
for 30 min [20]. Cells were then lysed and immunoblotted. Panel
D, HEK 293 cells were used to co-transfect 0.5 lg of WT-CREB
along with 0.5 lg each of: CA-PDK1/empty vector; WT-SGK/CA-
PDK1; WT-SGK/empty vector & empty vector only. Twenty-four
hours post-transfection, cells were washed with PBS and incubated
in DMEM only for a further 24 h, lysed and subjected to Western
blotting.2.6. Generation of recombinant herpes simplex viruses (HSV)
The cDNA for the dominant-negative and constitutively active SGK
was cloned into the amplicon vector PRPUC and used to generate re-
combinant HSV as previously described [21–24]. Brieﬂy, recombinant
plasmid was transfected into the packaging cell line 2–2 [25], superin-
fected with the 5dl1.2 helper virus [26] and recombinant virus puriﬁed
on a sucrose gradient. The titer of the viruses used in these studies were
of 3–5 · 107 plaque-forming units/ml. HSV engineered to express the
LacZ gene was used as a control.2.7. Endogenous SGK studies
NMuMg cells (a non-tumorogenic mouse epithelial cell line) were
grown in DMEM, 10% FBS, and 0.5% antibiotics (Invitrogen). At
80% conﬂuence in a 35 mm dish, 1 lm dexamethasone or an equal vol-
ume of the vehicle control (DMSO) was added to the dish and cell ly-
sates (in RIPA buﬀer as described above) prepared at timed intervals
thereafter. In a second set of experiments, we blocked SGK activity
using a DN-SGK. In these later experiments, cells were grown to
80% conﬂuence in a 35 mm dish before infecting with 5 l of HSV-
DN-SGK or HSV-LacZ. Twenty-four hours later, the cultures were
stimulated with dexamethasone as above and for timed intervals; cells
were harvested subjected to SDS–PAGE and Western blotting as de-
scribed above.3. Results and discussion
3.1. SGK complexes with CREB and phosphorylates it in a
cell-free system
We began by asking if SGK could form a direct physical
complex with CREB. In a pull-down assay, GST-DSGK was
immobilized on beads and incubated with the lysates from bac-
teria expressing CREB. After extensive washing, an immuno-
blot of the eluted proteins demonstrated the presence of
CREB (Fig. 1). When the same bacterial lysates were incu-
bated with either beads loaded with GST or beads alone,
no CREB was detected in the eluted proteins. Also, equal
Fig. 2. SGK phosphorylates CREB within the cellular context. Panel A: Immunoblots of HEK-293 cells co-transfected with increasing amounts of a
CA-SGK expression vector (denoted by the right triangle above blots) and a ﬁxed amount of WT CREB expression plasmid. Lysates were probed
with antibodies listed to the left. A dose-dependent increase in phospho-CREB by CA-SGK, without change in the abundance of CREB itself, is
noted. CA-SGK also leads to phosphorylation of another target protein (GSK3a), although this does not appear to occur in a dose-dependent
manner. As expected transfection of increasing amount of the SGK expression vector led to progressively more SGK protein expression. Panel B:
SGK phosphorylates WT CREB at Ser 133. Immunoblots of HEK-293 cells co-transfected with the indicated combinations of CREB (wild type and
S133A) and CA-SGK plasmids. Antibodies used are indicated on the right. An increase in wild type, but not S133A, CREB phosphorylation, is
evoked by CA-SGK expression. The level of phosphoCREB in the absence of CA-SGK is similar to that in S133A CREB expressing cells, reﬂecting
the baseline level of endogenous CREB phosphorylation. Panel C: Pervanadate stimulates phosphorylation of CREB via SGK. Immunoblots of
HEK 293 lysates of cells transfected with WT CREB and WT or DN SGK and stimulated with pervanadate. Antibodies used are indicated on the
right. Providing increased amounts of wild type SGK strongly enhances the stimulating eﬀect of pervanadate on CREB phosphorylation. Panel D:
Eﬀect of PDK1 phosphorylation of CREB via SGK. Immunoblots of HEK 293 cells co-transfected with the indicated combinations of WT CREB,
WT SGK and CA PDK1 plasmids. Antibodies used are indicated on the right. The co-expression of SGK with PDK1 leads to enhanced CREB
phosphorylation.
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immobilized on beads regardless of the presence of c-ATP
(not shown), indicating that the association between CREB
and SGK is not ATP dependent.
In a cell-free system, the addition of puriﬁed CA-SGK to
His-tagged WT or S133A CREB led to robust phosphoryla-
tion of WT CREB (but not the mutant) by SGK (Fig. 1). Heat
inactivation of SGK eliminated CREB phosphorylation as did
addition of a kinase dead form of SGK to recombinant CREB
(not shown). These experiments show that SGK can physically
associate with and directly phosphorylate CREB on serine 133.
3.2. SGK phosphorylates CREB in cells
We began these cellular experiments by co-transfecting
increasing amounts of the CA-SGK expression plasmid into
HEK 293 cells along with a CREB in a mammalian expres-
sion (Fig. 2, panel A). CA-SGK led to a dose-dependent in-
crease in the abundance of phosphoCREB with no change
in the abundance of CREB itself. Another SGK target, glyco-
gen synthase kinase 3a, was also studied and CA-SGK-depen-
dent phosphorylation of serine 21 was also noted. No change
in the abundance of endogenous GSK3a itself was observed.
It appeared that the maximal phosphorylation of GSK3a on
serine 21 was achieved with the lowest amount of transfected
CA-SGK plasmid, while the amount of phosphorylated
CREB rose in proportion to the increase in transfected CA-
SGK plasmid.We next asked if serine 133 of CREB is the target of SGK
by examining the phosphorylation of wild type CREB or
S133A-CREB. When co-expressed in HEK 293 cells CA-
SGK led to the robust phosphorylation of wild type CREB
but no increase in S133A-CREB phosphorylation was seen
over baseline. CA-SGK expressed at comparable levels in
transfected cells, as did both forms of CREB. The overall
level of CREB was unaﬀected by the above manipulations.
These results demonstrate that SGK is capable of acting
as a CREB kinase in cells.
Receptor tyrosine kinases or G-coupled receptors are in-
volved in activating phosphatidylinositol 3-OH kinase (PI3 0K)
which in turn activates PDK1. PDK1 stimulates SGK catalytic
activity by phosphorylating key serine and threonine residues
[2]. To examine the potential participation of these pathways
in SGK-dependent CREB phosphorylation, we co-transfected
WT or S133A CREB with WT or DN SGK into HEK 293
cells, stimulated tyrosine kinase activity with sodium pervana-
date, and then probed cell lysates for phosphoCREB or CREB
itself (Fig. 2). There is basal phosphorylation of transfected
CREB in HEK 293 cells which increases 2-fold with pervana-
date stimulation in the presence of DN-SGK. This increase in
phosphoCREB (but not the CREB protein itself) is most prob-
ably due to the activation of CREB kinases other than SGK.
Upon pervanadate stimulation of transfected cells expressing
WT SGK, a greater than 10-fold increase in phosphoCREB
occurs without any alteration in the level of CREB protein.
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stitution of WT with S133A CREB (not shown).
Similar results were obtained when PDK1 (a direct upstream
activator of SGK [3]), was co-transfected along with WT SGK
and WT CREB into HEK 293 cells (Fig. 2). Though the stim-
ulation of SGK activity by PDK1 is less robust than pervana-
date stimulation [17], a 2-fold increase in phosphoCREB
abundance is observed when the three plasmids are co-trans-
fected, while no increase in phosphoCREB occurs with
PDK1 alone or SGK alone.
Thus, SGK joins a large number of protein kinases that can
phosphorylate CREB kinases in response to extra-cellular cues
[27] employing receptor tyrosine kinases or G-protein coupled
receptors.
3.3. Endogenously induced SGK phosphorylates endogenous
CREB
The above studies were performed using heterologous
expression systems. In the next set of experiments, we wished
to determine if we could induce SGK expression in cells with
physiological stimuli and whether this would lead to CREB
phosphorylation. Several studies have also shown that hor-
mones of the corticosteroid family can similarly induce SGK
expression in cells [6,28] in NMuMg cells. NMuMg cells were
incubated with 1 mM dexamethasone or vehicle, and lysates
generated at the indicated time points (Fig. 3) for Western blot
analysis. SGK was induced within 1 h of glucocorticoid ago-
nist treatment. CREB phosphorylation showed a concomitant
rise. A second rise in SGK abundance was observed between
24 and 48 h along with a parallel rise in phospho-CREB. No
change in the level of CREB protein was detected. Identical
treatment with vehicle (DMSO) neither induced SGK nor in-
creased CREB phosphorylation (not shown).
The correlation of SGK induction and CREB phosphoryla-
tion suggested that the two events might be mechanistically
linked. To examine this possibility, we generated a recombi-
nant HSV that expresses DN-SGK which has been previously
shown to act in a dominant-negative manner [11,29,30].
NMuMg cells were grown to near conﬂuence, infected withFig. 3. Endogenous phosphorylation studies – dexamethasone-in-
duced SGK phosphorylates CREB. Immunoblots of NMuMg cells
infected with HSV-LacZ or HSV-DN-SGK, subsequently stimulated
with dexamethasone and lysed at the indicated time intervals.
Antibodies used are shown on the right. Dexamethasone stimulates
the phosphorylation of CREB and the rise in phosphoCREB from 24
to 48 h is associated with an increase in SGK expression. This dynamic
situation occurs when cells are infected with HSV-LacZ (or in the
absence of HSV infection, not shown). Expression of DN-SGK (HSV-
DN-SGK) blocks the dexamethasone-stimulated rise in phospho-
CREB.HSV-SGK-DN or HSV-LacZ, 24 h later cultures were stimu-
lated with dexamethasone and cell lysates made over the same
time intervals as used above. Western blot analysis revealed
that dexamethasone-induced CREB phosphorylation in
HSV-LacZ infected cells but this induction was markedly re-
duced in cells expressing the DN-SGK. Western blots of cells
infected with HSV-SGK-DN or HSV-LacZ (acting as a con-
trol) show that infected cells express both proteins at equiva-
lent levels (data not shown). These results indicate that
dexamethasone induction of CREB phosphorylation of
NMuMg cells requires catalytically active SGK.
We show that the induction of CREB phosphorylation by
glucocorticoids occurs in a SGK-dependent manner, since
expression of a DN-SGK blocks the glucocorticoid-dependent
phosphorylation of CREB. The simplest formulation is that
glucocorticoids promote SGK synthesis by acting on the glu-
cocorticoid response element in the SGK promoter [30] and
the newly synthesized SGK directly phosphorylates CREB.
While the cellular consequences of glucocorticoid-induced
CREB phosphorylation by SGK have not been deﬁned, it is
noteworthy that chronically elevated glucocorticoids (i.e.,
Cushing Syndrome or as part of immunosuppressive therapy)
leads to fat deposition in characteristic sites of the body and
CREB has been linked to adipogenesis [31].
We anticipate that deﬁning the variety of SGK substrates in
addition to CREB and the characterization of the upstream
pathways that activate SGK (and consequently, the panoply
of SGK targets) will provide new insight into the role of
SGK in cellular physiology and the particular role played by
CREB in these processes.Acknowledgments: This work was supported by grants to R.G.K. from
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